ABSTRACT Classical biological control against the alfalfa weevil, Hypera postica (Gyllenhal), a destructive pest of alfalfa (Medicago sativa L.), has resulted in the establishment of nine parasitoid species in the United States. Despite widespread redistribution of a number of species, there remains little postrelease data on their establishment and potential effectiveness in many regions. I surveyed parasitoids associated with alfalfa weevil larvae across 30 or more sites in eastern Montana and western North Dakota over 2 yr. Replicate sites were sampled in two habitat types that differ in their physical characteristics, ßood-irrigated and dryland alfalfa Þelds. Irrigated systems are more productive but also more intensively disturbed habitats because of increased harvest frequency and repeated ßooding. Given evidence that both habitat disturbance and herbivore density, which often increases with productivity, can inßuence parasitoid dynamics, I predicted that parasitism levels, the relative importance of different species, or both, would differ across these two system types. Of four larval parasitoid species released previously or recovered in the region, two were found in this study, Bathyplectes curculionis (Thomson) and Oomyzus incertus (Ratzenberg), with average levels of parasitism across habitat types and years of 37.2 and 3.5%, respectively. Parasitism levels differed between habitat types, but the effect was driven by concomitant differences in host densities that were higher in irrigated than dryland Þelds. Parasitoid responses to host density varied across years and species. B. curculionis exhibited positive density dependence in parasitism across sites in 2009 and negative density dependence in 2010 when host densities were higher regionally. In contrast, O. incertus exhibited positive density dependence in 2010. Our results suggest that these species may be differentially effective at different host densities. Thus, variation in host density could represent an important axis along which parasitoids exhibit spatial complementarity in function.
Economically, alfalfa (Medicago sativa L.) ranks as the fourth most important crop grown in the United States with an estimated value of US$10.6 billion in 2011 (USDA-NASS 2012) . The alfalfa weevil, Hypera postica (Gyllenhal), is one of the most destructive pests in alfalfa (White et al. 1995) . Because of its widespread distribution and impact, it was the target of a national biological control program carried out by the United States Department of Agriculture (USDA) from 1957 to 1988, which culminated in the introduction and establishment of nine hymenopteran parasitoid species (Bryan et al. 1993, Radcliffe and Flanders 1998) . Biological control of alfalfa weevil has been quite successful in some regions of the United States, such as the northeast (Day 1981) , and projected economic beneÞts have been estimated at US$2.2 billion (White et al. 1995) . However despite extensive redistribution of a number of parasitoid species throughout the United States , there remains little postrelease data on the establishment and potential effectiveness of these biological agents in many regions, including a number of states in the northern Great Plains. Alfalfa weevil occurs throughout the continental United States, and parts of northern Mexico and Canada, across widely varying environmental conditions. Characterizing spatial variation in the species complex, effectiveness, or both, of parasitoids can thus shed important insights on the degree to which the same versus different species are important sources of mortality across different regions (Radcliffe and Flanders 1998) .
Even within a region, considerable variability might be expected across different habitat types or crop management regimes. For example, the stability (e.g., perenniality) and degree of disturbance within a particular cropping system are known to inßuence the potential success of biological control by natural enemies (Debach and Rosen 1991 , Wiedenmann and Smith 1997 , Landis et al. 2000 . Alfalfa is unusual in that it is a perennial crop, a trait shown to beneÞt natural enemies, yet it is frequently disturbed because of the fact that it is generally harvested multiple times per year. Disturbance, such as that associated with harvesting, has been found to reduce natural enemy abundance and effectiveness in alfalfa (Summers 1976 , Cameron et al. 1983 ) and other crops Greathead 1988, Jonsson et al. 2012) . The susceptibility of natural enemies to disturbances associated with crop management at local and landscape scales can differ among species depending on their particular traits or life history characteristics (Wiedenmann and Smith 1997 , Wissinger 1997 , Rand et al. 2006 .
In addition to cropping system attributes, host herbivore density can also have important cascading effects on natural enemy communities. For example, both levels of parasitism and parasitoid diversity associated with a given pest can be strongly positively related to its abundance in some systems (Eveleigh et al. 2007 ). However, the opposite pattern is also often observed and natural enemy responses can vary across different systems, scales, or even among different species within a system (Hassell and Waage 1984 , Walde and Murdoch 1988 , Costamagna et al. 2004 . I surveyed parasitoid populations associated with larvae of the alfalfa weevil across two system types that differ extensively in their physical characteristics, ßood-irrigated and dryland alfalfa Þelds in the MontanaÐ North Dakota border region. Irrigated Þelds are far more productive but also more intensively managed and disturbed habitats because of increased harvest frequency (typically three versus one cuttings per year), as well as the ßooding disturbance associated with irrigation itself. Parasitism levels might be predicted to vary considerably across these very different habitat types, with higher disturbance tending to reduce parasitism, whereas higher host herbivore densities potentially associated with increased plant growth (Price 1991) might be predicted to favor parasitoids.
Assessing the impact of parasitoids on host populations requires detailed Þeld studies over multiple generations (Hassell and Waage 1984) , and was beyond the scope of this study. However, important initial information required toward achieving that end goal includes estimates of levels of parasitism and its variability through space and time, as well as an assessment of the degree to which parasitism acts in a density-dependent manner (Hassell and Waage 1984) . The primary objectives of this study were to: 1) Characterize the parasitoid assemblage associated with alfalfa weevil larvae in the study region spanning the MontanaÐNorth Dakota border. 2) Quantify within region spatial variation in parasitism levels both across sites and between dryland versus irrigated habitat types. 3) Determine whether levels of larval parasitism by different species are positively versus negatively related to host density across sites (i.e., assess the degree of positive or negative density dependence).
Materials and Methods
Study System. The alfalfa weevil is generally univoltine, including in the northern Great Plains, although a distinct second generation can occur in warmer environments (Radcliffe and Flanders 1998) . Adults emerge in early spring and lay eggs within alfalfa stems. The economically damaging third-and fourth-instar larvae feed on alfalfa foliage over a 4 Ð 6-wk period just before the Þrst cutting of alfalfa, usually mid-to late June in the study area that spanned the MontanaÐNorth Dakota border. Heavy infestations of the alfalfa weevil larvae can result in totally denuded plants and retarded postcutting regrowth, whereas residual effects include reduced plant vigor, resulting in reduced stand density and low yields in subsequent years (reviewed in Radcliffe and Flanders [1998] MT and Williams County, ND) . In this region, dryland Þelds generally are cut once a year, whereas irrigated Þeld generally are cut three, rarely four, times a year. Sampling was initiated as close to the Þrst cutting of the alfalfa crop as possible to increase the chances of collecting larger third-and fourth-instar alfalfa weevil larvae, thereby maximizing the potential time for parasitism. In 2009, 15 irrigated Þelds and 15 dryland Þelds were sampled (12Ð23 June). In 2010, where possible, the same Þelds were resampled. In rare cases where Þelds had come out of alfalfa production they were replaced with new ones in the vicinity. In 2010, additional irrigated sites were added, because this habitat type had consistently higher weevil numbers in 2009 and preliminary analyses indicated no signiÞcant independent inßuence of habitat type on parasitism when controlling for weevil density. In total, 27 irrigated Þelds and 15 dryland Þelds were sampled in 2010 (10 Ð27 June).
Sampling was carried out between 10:00 and 4:00 p.m. on clear to partly cloudy days, when temperatures were Ͼ15ЊC, and wind speeds were Ͻ24 km/h because these factors can affect the efÞcacy of sweep sampling for insects in alfalfa (Kieckhefer et al. 1992) . In each Þeld, I collected ten 50-sweep samples with a 38-cm-diameter sweep net. Each sample consisted of Þfty 180Њ sweeps of the net taken while walking along a transect of Ϸ50 m in length running parallel to the Þeld edge. The Þrst transect was initiated 20 m in from the Þeld edge, to avoid any major edge effects, and each subsequent transect was located 10 m farther into the Þeld from the previous one. At the initiation point of each transect, percent cover of alfalfa within a 0.25-m 2 quadrat was estimated visually using broad categories (0 Ð25%, 25Ð50%, 50 Ð75%, 75Ð100%) and the height of a single haphazardly selected alfalfa stem was measured at the center of each quadrat. In addition, at the start and end of sweep sampling in each Þeld, average wind speed and temperature were measured using a Kestrel 3000 pocket weather meter (NielsenKellerman, Boothwyn, PA). Site means were calculated for all environmental and vegetation variables for use in subsequent analyses.
Each 50-sweep sample was emptied into a 7.57-liter, sealable, plastic bag containing a paper towel to absorb extra moisture. Bags were sealed and stored in coolers during collection and then in a laboratory refrigerator at 6.1Ð7.2ЊC before processing. Third-and fourth-instar larvae subsequently were removed from bags, using an aspirator, within 48 and 24 h of collection in 2009 and 2010, respectively. I attempted to remove 100 larvae per site; however, this was not always possible when densities were very low. Once target larvae were removed, remaining insects were stored in the freezer until all alfalfa weevil larvae were counted in each 50-sweep sample for each site to estimate their relative abundances across sites.
Alfalfa Weevil Rearing and Sample Processing. Larvae were reared in the laboratory at 21Ð25ЊC in 30-ml clear plastic cups containing a cube of commercially available alfalfa weevil diet (Product No. A9114B; BioServ, Frenchtown, NJ) supplemented with a few leaves of fresh alfalfa. Diet was changed as necessary (i.e., when depleted, moldy, or dried out) and fresh vegetation was added every other day until death or pupation of the weevil larva or emergence of a parasitoid. In 2009, Þve larvae were added to each rearing cup. Because of relatively high mortality in that year, however, in 2010 all larvae were transferred to rearing cups within 24 h, because reduced processing times previously have been shown to reduce larval mortality (Brewer et al. 1997) , and larvae were reared individually. Low densities of weevil larvae in some Þelds resulted in low sample sizes for rearing, and as a consequence few insects were reared successfully from those sites. Thus, for estimates and analysis of site occupancy and proportion parasitism, I only included sites for which at least 20 larvae were successfully reared through to pupation or emergence of a parasitoid. This resulted in the exclusion of six sites in 2009 and seven sites in 2010. Alfalfa weevil larvae that died during the rearing process were not included in calculations of proportion parasitism. Parasitoids were identiÞed to species based on mummy and cocoon morphology with the aid of keys provided by W. H. Day (USDA-ARS). Although rearing studies of this sort may underestimate absolute levels of parasitism due, for example, to parasitized larvae dying before parasitoid emergence (Day 1994) , they are useful in identifying the parasitoid complex associated with a given stage of a pest, as well as in comparing parasitism levels among species (Brewer et al. 1997) or among sites, which were the goals of this study.
Statistical Analysis. All statistical analyses were carried out in R version 2.11.1 (R Development Core Team 2008). Generalized linear models were used to assess the effect of habitat type (irrigated versus dryland alfalfa Þelds) and various covariates (wind speed, temperature, vegetation cover, and vegetation height) on alfalfa weevil densities (number per 500 sweeps) across sites in each year. A quasi-poisson distribution was speciÞed to account for overdispersion in both models (Crawley 2005) .
Generalized linear models were run to determine whether proportion parasitism by each of the two parasitoid species differed between habitat types or in response to variation in host density across sites in each year. For O. incertus, only 2010 data were analyzed because of extremely low numbers of this parasitoid in 2009, a total of 16 individuals reared from only seven sites. A quasi-binomial distribution was speciÞed to account for overdispersion in all three models (Crawley 2005) .
Results
Alfalfa weevils were present in all the Þelds sampled in both 2009 and 2010. Larval densities were extremely variable across sites and years, ranging from Þve to 882 individuals per 500 sweeps in 2009 (mean Ϯ SE: 250 Ϯ 46), and Þve to 4,487 individuals in 2010 (mean Ϯ SE: 532 Ϯ 128). In 2009 the densities of weevil larvae were signiÞcantly higher in irrigated Þelds compared with dryland Þelds ( Fig. 1; F 1 ,28 ϭ 14.5, P ϭ 0.0007). None of the covariates originally included in the models (average wind speed, temperature, percent cover of alfalfa, or vegetation height) were signiÞcant (P Ͼ 0.1 in all cases) and thus were dropped from the Þnal model. Patterns were similar in 2010. Larvae were again signiÞcantly more abundant in irrigated Þelds compared with dryland Þelds ( Fig. 1; F 1 ,39 ϭ 10.3, P ϭ 0.0027), however in this case there was also a significant negative effect of increasing wind speed on alfalfa weevil numbers per sweep (F 1,40 ϭ 22.6, P Ͻ 0.0001), so wind speed was retained in the Þnal model.
In total, 1,003 alfalfa weevil larvae were reared successfully through to pupation or emergence of a parasitoid in 2009, and 3,018 larvae were reared successfully in 2010. Two species of parasitoids were reared from spring collected alfalfa weevil larvae over the 2 yr of the study: the solitary species Bathyplectes curculionis (Hymenoptera: Ichneumonidae) and the gregarious species Oomyzus incertus (Hymenoptera: Eulophidae). In 2009, B. curculionis was reared from larvae collected at all 24 sites, whereas O. incertus was present at only seven of these sites (29%). In 2010, B. curculionis again was reared from all sites, and O. incertus was found more frequently, at 29 of 35 sites (83%), compared with the previous year. Levels of B. curculionis parasitism across dryland and irrigated sites were relatively high, averaging 56.9 and 23.7% in 2009 and 2010, respectively (Table 1) . On average, O. incertus parasitized just over 1% of the alfalfa weevil larvae in 2009, but levels were higher, 4.9%, in 2010 (Table 1) .
Parasitism levels were highly variable both across sites and between years for both parasitoid species (Table 1) . Percent parasitism ranged from 4.1 to 85.1%, for B. curculionis, 0 Ð16.1% for O. incertus. Overall, parasitism by O. incertus was more highly variable, i.e., higher coefÞcient of variation, across sites than parasitism by B. curculionis (Table 1) . Parasitism levels also varied between irrigated and dryland habitats. There was a general pattern of higher parasitism in irrigated Þelds, except for B. curculionis in 2010 where the opposite trend was observed (Fig. 1) . However, there was no signiÞcant independent effect of habitat type (irrigated versus dryland) on proportion parasitism when larval weevil densities were included as covariates in generalized linear models (Table 2) . Responses to host density varied both across species and years. Levels of parasitism by B. curculionis increased signiÞcantly with host density across sites, i.e., exhibited positive density dependence, in 2009, whereas the opposite pattern was observed in 2010 ( Fig. 2 ). Parasitism by the two parasitoid species was marginally signiÞcantly inversely correlated (r ϭ 0.30, P ϭ 0.073) when both were present in relatively high numbers in 2010.
Discussion
Parasitoids Associated With Alfalfa Weevil Larvae in Montana and North Dakota. Characterizing the natural enemy complex associated with a particular pest through space and time is important in any initial assessment of enemy effectiveness in a region. Furthermore, regional comparisons of enemy complexes can yield important insights into potential spatial complementarity of different species. To my knowledge, no published studies have determined the relative levels of parasitism of alfalfa weevil by different larval parasitoid species in either Montana or North Dakota. However, records from the redistribution phase of the USDAÕs biological control program indicate that four larval parasitoids have been found in these states, B. curculionis and Bathyplectes stenostigma (Thomson) in both North Dakota and Montana, and Bathyplectes anurus (Thomson) and O. incertus from North Dakota only .
In this study, two parasitoid species were reared from spring collected alfalfa weevil larvae, B. curculionis and O. incertus. Of the two, B. curculionis was by far the dominant, occurring at all sites in both years of the study. This supports previous work categorizing B. curculionis as a key biological control agent of the alfalfa weevil (Radcliffe and Flanders 1998) , and is consistent with previous work that also has found that B. curculionis dominates the parasitoid complex associated with alfalfa weevil larvae in Colorado and Wyoming (Pike and Burkhardt 1974 , Al Ayedh et al. 1996 , Brewer et al. 1997 ) and the western United States more generally (Kingsley et al. 1993 ). Average para- sitism levels by B. curculionis in this study, 56.9 and 23.7% in 2009 and 2010, respectively, were comparable to those reported previously from Wyoming, 26 and 34.5% (Pike and Burkhardt 1974, Brewer et al. 1997 ), but higher than those reported from Colorado, 2.7Ð5% (Al Ayedh et al. 1996) . Unlike these previous studies, neither B. stenostigma nor B. anurus were recovered from our samples. However, these species were very rare in previous work as well. Average levels of parasitism by B. stenostigma were 3.7 and 2.1% in Colorado and Wyoming, respectively, whereas for B. anurus parasitism levels were Ͻ1% (Al Ayedh et al. 1996 , Brewer et al. 1997 .
The only other larval parasitoid reared in this study was O. incertus. Although considered an important parasitoid nationally , O. incertus was not reported in rearing studies from either Wyoming or Colorado, and has not previously been recovered in Montana, although it was released there . O. incertus was much less common than B. curculionis occurring at only 29 and 83% of the surveyed sites for which sufÞcient larvae could be reared in 2009 and 2010, respectively. Average parasitism by O. incertus was 3.5% for both years combined. Thus, this species is unlikely to be a major cause of alfalfa weevil mortality in our system under most circumstances. However, parasitism exceeded 15% at two sites in 2010, where weevil larvae reached high densities, suggesting that the relative importance of parasitism by O. incertus increases with increasing host density. Thus, this species could be of local importance at some sites in some years (see discussion in next section).
Determinants of Spatial Variation in Parasitism Across Sites and Habitat Types. Parasitism levels clearly varied between irrigated and dryland systems, especially in 2010 (Fig. 1) . However, there was no signiÞcant independent effect of habitat type (irrigated versus dryland) on proportion parasitism when larval weevil density was included as a covariate in generalized linear models for either parasitoid species (Table 2) . Thus, differences between habitat types clearly were driven by changes in host density rather than a direct effect of any differences in system characteristics such as disturbance or ßooding. Although highly variable among sites, alfalfa weevil larval densities were consistently and signiÞcantly higher in irrigated compared with dryland Þelds in both 2009 and 2010, and this effect was much more pronounced than the observed differences in parasitism by B. curculionis across systems (Fig. 1) . The Þnding that alfalfa weevil larvae were more abundant in irrigated Þelds was not unexpected, given that herbivores often respond positively to plant productivity or vigor (Price 1991) , and herbivore densities can increase with increasing irrigation amounts in agricultural systems speciÞcally (Daane and Williams 2003) . The density of alfalfa weevil larvae was in turn a consistent and signiÞcant predictor of parasitism levels for both parasitoid species, but, interestingly, the direction of the response varied between species and across years (Fig. 2) .
Percent parasitism by B. curculionis increased with host density in 2009, but showed the opposite pattern in 2010 when overall numbers of alfalfa weevil were higher. Thus, the relationship between host density and parasitism levels for this species appears highly context dependent, with host density playing an important role. Other studies similarly have suggested that B. curculionis is relatively ineffective at high densities of weevil larvae in the northern Great Plains (Al Ayedh et al. 1996) . However, earlier work found no strong spatial or temporal relationships between parasitism and host density in a study carried out over nine states spanning the east and west coasts of the United States (Kingsley et al. 1993) , suggesting that the action of B. curculionis was density independent. In contrast with B. curculionis, percent parasitism by O. incertus increased with increasing host density in 2010 (Fig. 2) , the only year analyzed because of extremely low numbers of this parasitoid in 2009. Thus, although still never reaching the levels of parasitism observed for B. curculionis, the relative importance O. incertus appears to increase at sites with high weevil densities. In addition, preliminary observations indicate that parasitism by O. incertus in 2012, an outbreak year in which weevils reached economic densities in the region, were higher, averaging 7.6% and reaching 25% at one site (T.A.R., unpublished data). This suggests an increasingly important role for O. incertus in years of high weevil density as well. Previous life table analyses suggest that combined parasitism by B. curculionis and O. incertus in Ontario acts in a densityindependent fashion and has little effect on weevil populations (Harcourt et al. 1977 ). This contrasts with results from this study that indicate strong density dependence for both parasitoid species when analyzed separately.
Variability in patterns of density dependence is commonly observed in parasitoid communities. In fact, previous reviews Þnd that the spatial relationship between parasitism and host density in the Þeld frequently varies among species, with every pattern having been observed from positive to negative density dependence, to no effect of host density on parasitism levels, i.e., density independence (Hassell and Waage 1984, Walde and Murdoch 1988) . Responses may in some cases be attributed to differences in species life history traits and foraging behavior (Hassell and Waage 1984, Walde and Murdoch 1988) . Density responses can differ even between species attacking the same host in a given system. For example, Costamagna et al. (2004) found opposing patterns of density dependence in two different species of hymenopteran parasitoids attacking the armyworm, Pseudaletia unipuncta (Haworth), in corn Þelds. In addition, previous work has shown that the direction of the relationship can vary within a species depending on the spatial scale examined or the overall density of hosts in the Þeld (Heads and Lawton 1983, Walde and Murdoch 1988) , similar to our Þndings for B. curculionis.
Overall, our results suggest that the effectiveness of the two parasitoid species present in the study region may vary depending on variation in host abundance across sites and among years, with B. curculionis parasitizing a lower proportion of hosts at high alfalfa weevil densities, whereas parasitism by O. incertus increases with increasing host density. Species-speciÞc responses to host density previously have been suggested to provide a mechanism of coexistence for parasitoids that share a common host species (Costamagna et al. 2004 ). The patterns observed in this study further suggest that spatial variation in host abundance may be an important axis along which parasitoids differentiate, potentially resulting in spatial complementarity among different species. This is congruent with previous work that demonstrates that habitat heterogeneity, including variation in resource abundance, can magnify the importance of parasitoid diversity in maintaining overall levels of natural enemy impact or function (Tylianakis et al. 2008) .
